In prechoroidal Stage II, the thickened neural mantle receives vascular channels from the meninx primitiva. In the choroidal stage, after closure of the anterior and posterior neuropores, the developing brain is supplied principally by the choroid plexuses and drained by the large median prosencephalic vein of Markowski. 13 Later, paralleled with the maturation of the cortical arterial network replacing the choroidal arteries, internal cerebral veins develop and drain into the median prosencephalic vein of Markowski, which gradually involutes and eventually persists as the great cerebral vein, or vein of Galen. 13 In patients with VGM, arteriovenous shunts, with their arterial supply largely derived from choroidal arteries, for unknown reasons, develop between the 6th and 11th weeks of intrauterine life. 43 The high blood flow from inadequate capillary resistance, likely coupled with accompanying dural sinus stenoses, causes the anterior segment of the median prosencephalic vein of Markowski, which normally regresses, to instead progressively enlarge and to form the aneurysmal component of a typical VGM.
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Classification of the Malformation
The angioarchitecture of VGM can be classified into the mural or choroidal type, depending on the characteristic of the fistula. 15, 49 The mural type consists of high-flow shunts, supplied by the collicular and posterior choroidal arteries, ending directly within the aneurysmal wall of the median prosencephalic vein. The choroidal type involves the interposition of an extensive arterial network between the arterial feeder, supplied by the choroidal, subfornical, or pericallosal arteries or thalamoperforator arteries, and the venous aneurysm. 13 The choroidal form usually leads to more severe symptoms whereas the mural form is better tolerated clinically. 2 Mixed forms combining direct shunts and arterial networks may also occur.
Vein of Galen malformations should be differentiated from the VGAD, which represents a normally formed vein of Galen that dilates as a result of outflow obstruction (Fig. 1) . 20 The dilated venous structure drains an arter iovenous malformation located in the subarachnoid space, either supra-or infratentorially, in addition to the adjacent normal cerebral parenchyma. 2, 15 The degree of dilation is variable and depends on the extent of stenoses or thrombosis. The frequency of VGADs in neonates and infants is low and patients with VGAD often present in later age during childhood, with intracranial hemorrhage, focal neurological deficits, and in the very young, with delayed psychomotor development. 23 With VGAD, epi-lepsy is not common, because of the deep location of the lesions, and heart failure is also uncommon because of its presentation in older children. 2 
Pathophysiological Characteristics
The pathophysiological consequences of VGM most often manifests as high-output cardiac failure and neurological symptoms secondary to cerebral venous congestion and abnormal CSF flow. 2 The severity of the symptoms is variable and dependent on the underlying angioarchitecture of the VGM as well as the age of the child. Typically neonates present with congestive heart failure, infants present with hydrocephalus, and the older children or adults present with headache and, frequently, with signs and symptoms of subarachnoid hemorrhage.
Cardiac and Systemic Manifestations
Cerebral low-resistance arteriovenous shunts in VGM lead to increased venous return to the right atrium, subsequent pulmonary hypertension due to increased pulmonary blood flow, and ultimately congestive heart failure as a result of the increased preload. 2, 6 Although the VGM develops in utero, it does not produce severe cardiac failure until after the child is born. The low resistance in the placenta competes with the VGM, and therefore the flow through the malformation is not as great in the fetus as it is after birth. After birth and removal of the placenta, flow through the fistula suddenly increases. Large arteriovenous shunts reduce the diastolic pressure within the aorta, leading to reduced coronary blood flow, which, coupled with the high ventricular pressure, can promote myocardial ischemia. 20, 41 Flow reversal in the aorta can lead to renal hypoperfusion and subsequently to renal failure. Congestive heart failure developed prenatally can be detected on ultrasound and in severe cases can lead to multiorgan failure and irreversible brain damage. 2, 6 While antenatal diagnosis is not an indication for abortion or early or cesarian delivery, in utero cardiac failure and brain damage represent indications for abortion. 31 In the neonatal period, cardiac symptoms may range from mild volume overload to severe cardiogenic shock depending on the maturity of the cardiopulmonary system. 2, 9, 14, 44 Mild symptoms can consist of feeding difficulties, tachycardia, and signs of cardiomegaly on chest radiography. 2 In the mild condition, diuretics can be used to improve symptoms, permit normal feeding, and allow the patient to return in 5 months for embolization procedure. 2 In severe cases, the patient may require mechanical ventilation, together with diuretics and inotropic medications, and in refractory cases, may require immediate embolization of the cerebral arteriovenous shunts. 2 In contrast to prenatal patients and neonates, infants rarely present with symptoms of congestive heart failure. They can be treated with diuretics until embolization and can be frequently weaned from these medications after the first embolization procedure.
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Neurological Manifestations
Because of the tremendous flow of blood to the fistula, the blood is stolen from the cerebral parenchyma, leading to ischemic damage. High blood flow in the arteriovenous shunt and reduction in venous drainage secondary to poorly developed venous system or venous stenosis, coupled with altered hemodynamics due to cardiac manifestations, can result in high cerebral venous pressure and cerebral edema. 20 Together these manifestations can lead to a rapid loss of brain tissue in the neonatal period, the most severe form referred to as the melting brain. 2 The high venous pressure, coupled with the lack of maturation of the arachnoid granulations, can lead to impaired CSF resorption, resulting in hydrocephalus. 20, 50 Obstructive hydrocephalus can also occur due to VGMinduced compression of the aqueduct. When hydrocephalus is present before 5 months, embolization should be the first line of treatment leading to a reduction in venous pressure and improvement of CSF resorption. A CSF shunt or ventriculostomy does not correct the underlying problem 2 and can potentially lead to intracerebral hemorrhage from the congested and immature venous system. Rerouting of blood flow into the facial veins or basilar or pterygoid plexus can lead to prominent facial veins and epistaxis. 18, 20 
Clinical Presentation
In 1964, Gold et al. 17 described typical clinical presentations that remain valid today for 3 age groups of patients with VGMs. The clinical pictures are correlated with the age of presentation and the underlying pathophysiology.
Neonates. Symptomatic newborns present with severe cardiorespiratory failure including hydrops and renal failure secondary to flow reversal in the aorta at or shortly after birth. 13 In one series, in the majority of cases (94%) diagnosed in the neonatal period, the patients presented with high-output cardiac failure. 44 Severe pulmonary hypertension may also complicate management. Cyanosis may be present and may thus be mistaken for congenital heart disease. 25 An electrocardiogram can detect some features of myocardial infarction.
14 In any infant born with high-output cardiac failure, a VGM should be ruled out. While the mortality rate in the past was close to 100%, recent advances in endovascular techniques have greatly improved the survival rate.
Infancy. In contrast to the neonates, patients presenting during infancy usually have smaller shunts and only mild cardiac manifestations. These patients most frequently present with increased head circumference due to aqueduct compression by a dilated vein of Galen resulting in hydrocephalus or seizures (Fig. 2) . 13, 17, 20 Those with longstanding cerebral venous hypertension may pre sent with developmental delay. 20 Some also have failure to thrive resulting from cardiac decompensation or even hypothalamic and hypophyseal dysfunction as a result of venous congestion. 3, 30 Other signs and symptoms often include cranial bruit, dilated scalp veins, proptosis, and occasionally recurrent epistaxis. Older Children and Adults. Older children most often present with headache and seizures caused by intraparenchymal or subarachnoid hemorrhage. 2, 13, 20 The VGM is usually small with a limited degree of arteriovenous shunt, but the angiomatous network supplying the vein of Galen can harbor microaneurysms. A vein of Galen dilation secondary to outflow obstruction should also be considered in the differential diagnosis.
Imaging Modalities
Ultrasound. Ultrasonography is a noninvasive technique for bedside evaluation of the cerebral vascular system that is quick and convenient, although strongly operator dependent. 13, 46 Antenatal ultrasound can show the venous sac located posterior to the third ventricle and can use pulsatile flow within the lesion to differentiate a VGM from other midline cystic structures. 20, 40, 48 It can also demonstrate associated venous anomalies, the presence of hydrocephalus, and cardiac dysfunction. 20 In the postnatal period, ultrasound can be used to assess progressive thrombosis of the venous sac and quantify residual postembolization flow after endovascular therapy.
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The use of ultrasound and Doppler imaging is also critical to assess flow reversal in the aorta and changes after treatment. Ultrasound is preferred over CT and MR angiography because of MR imaging artifacts due to metal embolization coils, but it may not be sensitive enough to detect slow flow in areas of embolization.
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Computed Tomography. Contrast-enhanced axial CT scanning of the brain can demonstrate a multilobulated, intensely enhancing lesion, ventricular dilation, periventricular white matter hypodensities, diffuse cerebral atrophy, and thrombosis within the aneurysm sac. 20 Computed tomography scanning is also an important modality for demonstrating intracerebral calcifications secondary to ischemic brain damage. Advances in CT angiography and multidetector technology have allowed for greater resolution of the vascular bed. 1, 24 Although not as precise as angiography, CT angiography is a noninvasive technique that offers more detailed vascular information than that of ultrasound or MR imaging and can be performed in awake or slightly sedated patients. 13 In addition, multislice spiral CT angiography has been found to be very useful for detailed mapping of both arteries and veins, with the use of a single scan and a single dose of contrast medium. 16, 36 It requires fewer than 5 minutes for processing and is faster and with better imaging quality than MR angiography or single-slice CT angiography. When multislice spiral CT angiography is not available, CT angiography is preferred over MR angiography because of greater image quality for cerebral vein identification.
Magnetic Resonance Imaging. Ultrasound now frequently detects VGMs in utero, although MR imaging is increasingly used, not only for the characterization of the lesion but also the documentation of brain atrophy and cardiac abnormalities. 4, 23, 26 Magnetic resonance imaging can identify the fistula location, presence of any nidus, venous drainage, venous thrombosis, and it can estimate the number and type of arterial feeders. 13, 20, 39 Importantly, because of its exquisite soft-tissue contrast, MR imaging is the modality of choice to evaluate the ventricular system and cerebral parenchymal damage, which is important for therapeutic decision making and prognosis. 4, 13 Angiography. Angiography is the gold standard for precise evaluation of VGM angioarchitecture, including detailing the anatomy of arterial feeders and the hemodynamics of venous drainage, and it provides access for endovascular management. 13 If a VGM is diagnosed in utero, it is imperative to preserve the umbilical artery because this will give the best endovascular access in the neonatal period. Catheterization of the umbilical artery is most convenient and can be done up to the 3rd day of life. Femoral access is possible, but the vessel is smaller and it carries the risk of possible limb ischemia. 13 In newborns with severe VGM and cardiac failure concomitant with renal insufficiency, angiography can be complicated by the limited amount of contrast agent that can be used. In general if the patient is clinically stable, angiography should be delayed until the 5th month of life. 
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Management
The development of endovascular therapy, together with a comprehensive multidisciplinary approach in the intensive care units, has significantly improved the poor prognosis of patients with VGM. 13, 19, 31 Despite advances in microneurosurgery, complete removal of the lesion in newborns is rarely achieved or advised, because of the hemodynamic instability and location of the lesion, poor myelination of the brain parenchyma, and cerebral venous hypertension. As a result, surgical treatment is now reserved for the evacuation of intracranial hematomas and the treatment of hydrocephalus, or in cases of embolization failure. Medical treatment with diuretics, inotropes, and other cardiovascular agents is used only to relieve symptoms of cardiovascular instability and renal insufficiency until the patient can undergo embolization.
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Most of the newborns with VGM need immediate treatment. The main goal in the newborn with high-output cardiac failure is to decrease the flow in the VGM and therefore reduce the cardiac output failure, improve the coronary perfusion, and increase the blood flow to the renal arteries. If a patient has persistent or recurrent heart failure and cyanosis after initial successful endovascular treatment, a persistent patent ductus arteriosus has to be ruled out. The pathological hemodynamic situation with increased venous return to the right side of the heart and right-to-left shunting through a patent foramen ovale can lead to a failure of the ductus arteriosus to close requiring treatment.
Endovascular Treatment. Endovascular access can be gained via the transarterial or transvenous route. 13 In the newborn arterial access can be achieved through the umbilical artery if patent or through the femoral artery. The embolic glue of choice to occlude the arteriovenous fistula on the arterial side is N-butyl-cyanoacrylate, and more recently Onyx has been used as well. 13, 22, 31 Detachable microcoils can also be used, although their application may take longer and they may have a higher risk of vessel rupture. 13 The transvenous route can be approached via the femoral or jugular vein or alternatively, through direct puncture of the torcula. 13, 34, 35 Although some groups have used the venous route with success, 5 others reserve it for patients in whom the arterial route cannot be approached successfully. 13, 31 In addition, occlusion of the venous aneurysm may hinder deep venous drainage or result in perforation of the venous aneurysm. 8, 12 A patient's clinical presentation dictates the timing of endovascular management. 20 Congestive heart failure refractory to medical management in a newborn necessitates emergency embolization to relieve the hemodynamic load on the heart. In this case, partial, rather than complete, obliteration of the shunt is the goal to allow for redistribution of blood flow to the heart and brain to allow normal cardiac and neurological development. 19 The residual shunt can then be occluded at a later time to reduce complications.
In a child who does not present with cardiac failure, the goal is to prevent the development of cerebral venous hypertension. 47 Treatment often involves multiple successive procedures that target different pedicles to avoid parenchymal bleeding and venous thrombosis. 13 Ideally, if the patient is not in heart failure, treatment should be deferred until 5-6 months of age, when fluid hemodynamics are still amenable to change and there is a low risk of affecting brain maturation. 13, 20, 38 However, excessive delay may lead to permanent neurological and cardiac impairment unsalvageable by intervention. Spontaneous thrombosis is a rare event (2.5% in a recent series of 317 patients 31 ) and should not be relied on to delay intervention. 13 Recently, Lasjaunias et al. 31 described a 21-point scale score based on cardiac, cerebral, hepatic, respiratory, and renal function to guide therapeutic decisions (Table 1) . A score of < 8 often signifies a poor prognosis that does not warrant treatment, a score from 8 to 12 is an indication for emergency embolization, and a score of > 12 indicates medical management until the child is at least 5 months of age.
Complication and Prognosis
Before the development of endovascular embolization, a newborn with a VGM had a dismal prognosis. In 1964, Gold et al. 17 reported a 100% mortality rate in 9 neonates. Hoffman et al. 21 also reported an intraoperative mortality rate of 99-100%. In the initial personal surgical experience of the coauthor (M.E.), the mortality rate was 100%. Endovascular techniques, together with improvement in perinatal management, have significantly improved outcomes by mitigating the effects of car diovascular complications (Table 2) . Reporting their early experience in 1993 with endovascular embolization, Fried man et al. 10 noted an improvement in the mortality rate from 50% (22 neonates) in 1991 to 0% in 1993 (11 neonates) as a result of improvements in embolization 11 reported on the use of embolization in 27 patients with VGMs, which resulted in a 15% mortality rate during hospitalization, and 61% of the patients had no or mild developmental delay. In 2006, Gupta et al. 19 reported on 13 patients with VGMs and 2 with VGADs. Embolization resulted in complete obliteration of the fistula in 66% of the cases (10 of 15 patients) and a mortality rate of 20% (3 patients) due to intracranial hemorrhage and meningitis. Follow-up at an average of 6.8 years revealed stable cognitive functions and improvements of delayed milestones.
Most recently, Lasjaunias et al. 31 reported on a series of 233 patients who underwent endovascular embolization via a transfemoral approach. The general mortality rate was 10.6% (23 of 216 patients), whereas that for neonates was 52% (12 of 23 patients). However, the authors mentioned that only 3 deaths were due to the embolization procedures and that most neonatal deaths represented cases in which a score of < 8 would not have warranted intervention. One hundred forty-three (74%) of the 193 survivors were neurologically normal on follow-up. Angiographic studies confirmed 90 to 100% occlusion in 55% of patients and showed that some small persistent shunts can be well tolerated and may resolve spontaneously over time.
Conclusions
A VGM is a congenital vascular malformation consisting of multiple arteriovenous shunts draining into the median prosencephalic vein of Markowski, which is not actually the vein of Galen itself, but rather a persistent embryonic structure that precedes the vein of Galen. Classically, VGM presents in the neonatal period with cardiac output failure and in severe cases with diffuse brain destruction referred to as melting brain. In infancy the main findings are hydrocephalus and developmental delays, and in childhood intracerebral and subarachnoid hemorrhage. While the prognosis of VGM has been especially grim in the past, with the mortality rate approaching 100% in some cases, many studies have shown that endovascular embolization is highly effective in improving the neurological outcome of patients with VGM. The timing of embolization is critical for the best possible outcome, with emergency treatment of neonates suffering acute heart and renal failure and delayed treatment if not suffering acute distress, optimally at 5-6 months of age. When CSF ventricular shunting is necessary to alleviate hydrocephalus, it should be performed after the embolization procedure. 2 The use of a 21-point scale score based on cardiac, cerebral, hepatic, respiratory, and renal function can be used to guide therapeutic decisions. 31 Endovascular therapy together with a comprehensive, multidisciplinary approach in the intensive care units has now emerged as the optimal approach for improving the poor prognosis of patients with VGM.
